Prostate cancer frequently metastasizes to bone resulting in the formation of osteoblastic metastases through unknown mechanisms. Vascular endothelial growth factor (VEGF) has been shown recently to promote osteoblast activity. Accordingly, we tested if VEGF contributes to the ability of prostate cancer to induce osteoblast activity. PC-3, LNCaP, and C4-2B prostate cancer cell lines expressed both VEGF-165 and VEGF-189 mRNA isoforms and VEGF protein. Prostate cancer cells expressed the mRNA for VEGF receptor (VEGFR) neuropilin-1 but not the VEGFRs Flt-1 or KDR. In contrast, mouse preosteoblastic cells (MC3T3-E1) expressed Flt-1 and neuropilin-1 mRNA but not KDR. PTK787, a VEGFR tyrosine kinase inhibitor, inhibited the proliferation of human microvascular endothelial cells but not prostate cancer proliferation in vitro. C4-2B conditioned medium induced osteoblast differentiation as measured by production of alkaline phosphatase and osteocalcin and mineralization of MC3T3-E1. PTK787 blocked the C4-2B conditioned medium-induced osteoblastic activity. VEGF directly induced alkaline phosphatase and osteocalcin but not mineralization of MC3T3-E1. These results suggest that VEGF induces initial differentiation of osteoblasts but requires other factors, present in C4-2B, to induce mineralization. To determine if VEGF influences the ability of prostate cancer to develop osteoblastic lesions, we injected C4-2B cells into the tibia of mice and, after the tumors grew for 6 weeks, administered PTK787 for 4 weeks. PTK787 decreased both intratibial tumor burden and C4-2B-induced osteoblastic activity as measured by bone mineral density and serum osteocalcin. These results show that VEGF contributes to prostate cancer-induced osteoblastic activity in vivo. (Cancer Res 2005; 65(23): 10921-9) 
Introduction
Prostate cancer is the most frequently occurring cancer of males and second leading cause of cancer death in men in the United States (1) . In metastatic prostate cancer, the primary site for metastasis is the skeleton, with 70% to 80% of prostate cancer patients developing skeleton metastases (2) . Based on radiographic findings, bone metastases from prostate cancer have been described as osteosclerotic (i.e., having increased bone mineral formation). Histologically, they have been characterized with increased trabecular bone volume and newly woven bone (3), similar to that which develops in response to injury and is associated with accelerated osteoblastic activity (4) . These structural changes in the metastatic lesions predispose the bone to fracture and are associated with severe pain. Thus, preventing progression of bone metastases may help improve the quality of life of prostate cancer patients. Accordingly, understanding the mechanisms that promote prostate cancer-induced osteosclerosis may help identify targets to diminish the progression of these lesions.
Prostate cancer cells produce a variety of factors that have direct or indirect osteogenic properties (5) (6) (7) . Some of these factors, such as bone morphogenetic proteins (BMP) and endothelin-1, may directly stimulate differentiation of osteoblast precursors to mature mineral-producing osteoblasts (8) (9) (10) (11) . Other factors, such as parathyroid hormone-releasing protein, may work through inhibition of osteoblast apoptosis (12, 13) . Cellular and molecular crosstalk between prostate cancer cells and the osteoblasts through these soluble factors can play important roles resulting in abnormal bone function; however, these factors have not been shown to induce osteoblast activity in the context of prostate cancer in vivo.
Vascular endothelial growth factor (VEGF) is a key regulator of physiologic and pathophysiologic angiogenesis (14) . VEGF promotes endothelial cell proliferation, survival, and migration. The biological effects of VEGF are mediated by several receptors (15) (16) (17) . Two receptor tyrosine kinases [VEGF receptor (VEGFR)-1 (also known as Flt-1) and VEGFR-1 (also known as KDR or Flk-1)] are the key VEGFRs. Additionally, a nonsignaling protein that binds collapsin-semaphorin family members (neuropilin-1) is a VEGFR. In addition to its effect on endothelial cells, VEGF stimulates migration of primary human osteoblasts (18) and osteoblast differentiation (19, 20) . Furthermore, we showed previously that BMPs contribute to prostate cancer-mediated osteoblastic activity in vitro partly through VEGF (21) . These data, together with reports that prostate cancer cells express VEGF in vitro and in vivo (22) , led us to hypothesize that VEGF contributes to osteoblastic lesion formation at prostate cancer bone metastatic sites in vivo.
In the present study, we used PTK787, a tyrosine kinase inhibitor designed to inhibit VEGF signal transduction by binding directly to the ATP-binding sites of VEGFRs (23) , to evaluate the role of VEGF in prostate cancer-mediated induction of osteoblastic activity in vitro and in vivo.
and maintained in T medium containing 10% FBS, 100 units/mL penicillin, and 100 Ag/mL streptomycin as outlined by UroCor. MC3T3-E1 cells are pre-osteoblasts derived from murine calvarias that, when treated with ascorbate, express osteoblast-specific markers and are capable of producing a mineralized matrix (24, 25) . These cells (a kind gift from Dr. Renny Franceschi, University of Michigan, Ann Arbor, MI) were routinely maintained in a-MEM containing 10% FBS, 100 units/mL penicillin, and 100 Ag/mL streptomycin. Human dermal microvascular endothelial cells (HDMEC) were obtained from Clonetics (San Diego, CA), grown in EBM-2 basal medium plus EGM-2MV Bullet kit (Clonetics), and used between passages 4 and 7 for experiments. Human bone marrow endothelial cells (HBMEC) were obtained from American Type Tissue Collection and maintained in DMEM containing 10% FBS, 100 units/mL penicillin, and 100 Ag/mL streptomycin.
Primary osteoblastic cells were derived from human cancellous bone explants obtained as waste tissue from hip replacement surgeries as described previously (26, 27) . Briefly, specimens were collected from human subjects undergoing hip replacement. Trabecular bone chips were washed extensively in PBS to remove bone marrow and then treated by sequential digestion with collagenase P (Boehringer Mannheim, Indianapolis, IN). Collagenase-released cells were plated and cultured in DMEM containing 10% FBS, 100 units/mL penicillin, and 100 Ag/mL streptomycin. These cells expressed the phenotype of mature osteoblastic cells. This protocol was approved by the University of Michigan Human Subjects Internal Review Board.
Conditioned medium. Cancer cells were grown to 80% to 90% confluence in their respective medium containing 10% FBS in T-75 flask. The medium was removed and the cells were washed with PBS. Cells were incubated for 24 hours in 15 mL serum-free medium. After 24 hours, conditioned medium was collected, concentrated with Biomax centrifugal filter device (molecular weight cutoff 10 kDa; Millipore Corp., Bedford, MA), and then frozen. Before use, protein concentration was determined by the Lowry method (BCA Protein Assay Reagent kit, Pierce Biotechnology, Inc., Rockford, IL). 5V -CGGATCAAACCTCACCAAGGCC-3V  5V -CTTTCTCCGCTCTGAGCAAGGC-3V  132  VEGF-189  5V -CGGATCAAACCTCACCAAGGCC-3V  5V -CTTTCTCCGCTCTGAGCAAGGC-3V  204  Human Flt-1  5V -GCACCTTGGTTGTGGCTGAC-3V  5V -CGTGCTGCTTCCTGGTCC-3V  585  Human KDR  5V -GTCAAGGGAAAGACTACGTTGG-3V  5V -AGCAGTCCAGCATGGTCTG-3V  591  Human neuropilin-1  5V -AGGACAGAGACTGCAAGTATGAC-3V  5V -AACATTCAGGACCTCTCTTGA-3V  209  Mouse Flt-1  5V -GGCTCAGGGTCGAAGTTAAAAGTGCCT-3V  5V -CATGTAGGCCATGAGGTCCACCAC-3V  625  Mouse KDR  5V -CTCTGTGGGTTTGCCTGGCGATTTTCT-3V 5V -GCGGATCACCACAGTTTTGTTCTTGTT-3 408 Mouse neuropilin-1 5V -GGCTGCCGTTGCTGTGCG-3V 5V -ATAGCGGATGGAAAACCC-3V 404 Human GAPDH 5V -TGAAGGTCGGTGTGAACGGATTTGGT-3V 5V -CATGTAGGCCATGAGGTCCACCAC-3V 289 Figure 1 . Prostate cancer cells express VEGF. Human prostate cancer cells (1 Â 10 5 per well) were plated in 12-well plates in medium plus 10% FBS. They were incubated overnight and changed to medium plus 1% FBS. After 48 hours, cell culture supernatants were collected, cells were counted, and total RNA was collected. A, culture supernatants were subjected to VEGF ELISA. Results were normalized to final cell number (per 10 4 ). Columns, mean; bars, SD. #, P < 0.05 versus PC-3 and LNCaP (ANOVA and Fisher's protected least significant difference for post hoc analysis). B, RT-PCR was done on 1 Ag total RNA extracted from prostate cancer cells and HDMECs or HBMECs. Markers (100 bp) were used in these studies. Reagents. VEGF-165 recombinant protein was obtained from R&D Systems (Minneapolis, MN). PTK787, a VEGFR tyrosine kinase inhibitor, was synthesized in the Department of Oncology Research, Novartis Pharmaceuticals (Basel, Switzerland). For in vitro assays, a stock solution of 10 mmol/L PTK787 was prepared in DMSO. This was diluted further in buffer or medium so that the concentration of DMSO in assay systems did not exceed 0.1%.
Assays for specific proteins. VEGF protein concentration was measured using a commercially available ELISA (R&D Systems). The sensitivity of this assay is 5.0 pg/mL. For measurement of alkaline phosphatase and mouse osteocalcin, MC3T3-E1 cells were plated in 12-well tissue culture plates at a density of 5 Â 10 4 and grown in a-MEM containing 10% FBS. When cells were fully confluent, designated as day 0, the medium was removed and replaced with conditioned medium that contained 100 Ag/mL protein levels. Additionally, 10% FBS, 50 Ag/mL ascorbic acid (Sigma Chemical Co., St. Louis, MO), 10 mmol/L hglycerophosphate (Sigma), and various concentrations of PTK787 were added. Medium was changed every 3 days. At days 9 and 15, conditioned medium was collected. The conditioned medium from day 9 was used to measure alkaline phosphatase activity, which was measured in supernatants using a colorimetric assay based on the conversion of p-nitrophenylphosphate as directed by the manufacturer (alkaline phosphatase assay; Sigma). Mouse osteocalcin was measured in culture supernatants and serum using a mouse osteocalcin enzyme immunoassay (Biomedical Technology, Inc., Stoughton, MA) as directed by the manufacturer. The sensitivity of this assay is 1.0 ng/mL. Serum total prostate-specific antigen (PSA) levels were determined using the Accucyte Human PSA Assay (Cytimmune Sciences, Inc., College Park, MA). The sensitivity of this assay is 0.488 ng/mL.
Measurement of mineralization. To stain mineral, cultures were either fixed in 95% ethanol at 37jC for 5 minutes, rehydrated, and then stained using the von Kossa method as described previously (27) or stained for alizarin red as described previously (27) . Briefly, the medium was removed and the cells were air dried, fixed in 50% ethanol thrice, and then stained with alizarin red (Sigma; 100 mg/mL in 0.01% NaOH) for 5 minutes. After a PBS wash, retained dye was extracted in a solution of 20% methanol and 10% acetic acid, and the absorbance was measured at A 450 nm .
Reverse transcription-PCR. VEGF and VEGFR mRNA levels were determined using reverse transcription-PCR (RT-PCR). The total RNA was purified using TRIzol (Life Technologies, Inc., Carlsbad, CA). Total RNA (1 Ag) was reverse transcribed and amplified using Access RT-PCR system (Promega, Madison, WI) according to the manufacturer's protocol. PCR for human VEGF, Flt-1 (VEGFR-1), KDR (VEGFR-2), neuropilin-1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were done using primer sets indicated in Table 1 . Thirty-five cycles of PCR were done with 1-minute denaturation at 94jC, 1-minute annealing at 55jC, 1-minute extension at 72jC, and final 7-minute extra extension at the end of the reaction to ensure that all amplicons were completely extended.
Animal studies. Male 8-week-old Fox Chase severe combined immunodeficient (SCID) mice (Charles River, Wilmington, MA) were injected intratibially with C4-2B cells (10 5 in 25 AL RPMI 1640) as described previously (28) . The tumors were allowed to grow for 6 weeks, and mice were randomized into two groups as follows: group 1 (n = 10) oral administration of 100 mg/kg PTK787 daily and group 2 (n = 13) oral administration of distilled water (vehicle). For in vivo administration, PTK787 was dissolved in DMSO to a concentration of 100 mg/mL and then diluted with distilled water to a final concentration of 5 mg/mL. The PTK787 was given by once daily oral gavage of 0.50 mL of the 5 mg/mL solution to give a dose of 100 mg/kg. The PTK787 gavage solution was made fresh weekly. After 4 weeks of treatment, blood samples and radiographs were taken under anesthesia, and tibiae were harvested. In a parallel 4 per well) were plated in 12-well plates in medium plus 10% FBS and incubated overnight. A, MC3T3-E1 was changed to a-MEM plus 2% FBS and indicated concentrations of PTK787 or rhVEGF-165. HDMEC was changed to EBM-2 basal medium plus 2% FBS, 10 ng/mL rhVEGF-165, and various concentrations of PTK787. B, prostate cancer cells were changed to RPMI 1640 plus 2% FBS and indicated concentrations of PTK787. After 72 hours, cells were trypsinized and cells were counted using trypan blue staining. Columns, mean; bars, SD. *, P < 0.01 versus control; +, P < 0.05; #, P < 0.01 versus 10 ng/mL VEGF without PTK787 (ANOVA and Fisher's protected least significant difference for post hoc analysis).
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www.aacrjournals.org protocol to determine the effects of PTK787 on normal bone remodeling, mice without tumor injection were treated with vehicle or PTK787 daily for 4 weeks. Then, serum and tibia were collected. These animal protocols were approved by the University of Michigan Animal Care and Use Committee.
Dual-energy X-ray absorptiometry measurement and X-ray. Bone mineral density (BMD) of the excised tibiae were measured using dual-energy X-ray absorptiometry (DEXA) on an Eclipse peripheral DEXA Scanner using pDEXA Sabre software version 3.9.4 in research mode (Norland Medical Systems, Fort Atkinson, WI). Bones were scanned at 2 mm/s with a resolution of 0.1 Â 0.1 mm. Three 0.5-cm regions of interest were randomly selected for each fragment to determine BMD. Short-term BMD precision (% coefficient of variation) was f3% for this technique. Radiographs were taken after excision of bone implants by using a Faxitron (Faxitron X-ray Corp., Wheeling, IL).
Bone histopathology. Histopathology was done as we have described previously (28) . Briefly, bone specimens were fixed in 10% formalin for 24 hours and then decalcified using 12% EDTA for 72 hours. The specimens were then paraffin embedded, sectioned (5 Amol/L), and stained with H&E to assess histology. Midsagittal sections were used to quantify tumor area, which was measured as the percentage of tumor present in the total area of nonmineralized bone tissue as described previously (29) .
Data analysis. Statistical significance was determined for multivariate comparisons using ANOVA and Fisher's protected least significant difference for post hoc analysis. Student's t test was used for bivariate analyses. Statistical significance was determined as P < 0.05. Statistical calculations were done using Statview software (Abacus Concepts, Berkeley, CA). 4 per well) were plated in 12-well plates and grown in a-MEM containing 10% FBS. After the cells were confluent, the medium was removed and replaced with conditioned medium concentrated to a protein concentration of 100 Ag/mL and the addition of 10% FBS, 50 Ag/mL ascorbic acid, 10 mmol/L h-glycerophosphate, and the indicated concentrations of PTK787. Medium was changed every 3 days. In some wells, at days 9 and 15, conditioned medium was collected. Alkaline phosphatase (A) and osteocalcin (B) were measured in supernatants of days 9 and 15 conditioned medium, respectively. After medium was removed at day 15, wells were stained using the von Kossa method to detect mineralization (C ) which is detected as gray. Control for mineralization medium (M ) consisted of a-MEM, including 10% FBS, 50 Ag/mL ascorbic acid, and 10 mmol/L h-glycerophosphate. a-MEM plus 10% FBS was used as negative control (a ). Results were normalized to mineralization medium as 100%. Columns, mean of three experiments; bars, SD. *, P < 0.05 versus negative control; x , P < 0.05 versus control; #, P < 0.05 versus 0 nmol/L PTK787 in C4-2B conditioned medium (ANOVA and Fisher's protected least significant difference for post hoc analysis). Figure 5 . VEGF directly induces alkaline phosphatase and osteocalcin levels in MC3T3-E1 cells. MC3T3-E1 cells were plated (5 Â 10 4 per well) in 12-well plates and grown in a-MEM containing 10% FBS. After the cells were confluent, the medium was replaced with a-MEM, including 10% FBS, 50 Ag/mL ascorbic acid, 10 mmol/L h-glycerophosphate, and 50 nmol/L PTK787 and/or 100 ng/mL rhVEGF-165. Medium was changed every 3 days. At days 9 and 15, conditioned medium was collected and alkaline phosphatase (A) and mouse osteocalcin (B) were measured, respectively. Levels measured in medium alone were set as baseline. Columns, mean percent change from baseline from three separate experiments; bars, SD. *, P < 0.05 versus baseline (i.e., no VEGF); #, P < 0.05 versus VEGF + Vehicle (ANOVA and Fisher's protected least significant difference for post hoc analysis).
Results
To detect and quantify VEGF production in prostate cancer cells, PC-3, LNCaP, and C4-2B prostate cancer cells were grown in culture and the conditioned medium was collected and subjected to ELISA. All three cell lines expressed VEGF protein; however, it was 2-fold higher in the supernatant from C4-2B compared with that from the LNCaP and PC-3 cells (Fig. 1A) . To further identify which isoforms of VEGF were expressed in the prostate cancer cell lines, total RNA was collected and subjected to PCR analysis. The PCR product size for VEGF-165 and VEGF-189 were 132 and 204 bp, respectively. All three prostate cancer cell lines expressed both VEGF-165 and VEGF-189 mRNA isoforms (Fig. 1B) . Endothelial cells also expressed VEGF mRNA (Fig. 1B) . These findings show that VEGF protein and mRNA are present in prostate cancer cell lines.
To detect if prostate cancer cells express the receptors for VEGF, we subjected total RNA to PCR for VEGFRs. The PCR product size for human Flt-1 and KDR was 585 and 591 bp, respectively. Prostate cancer and human osteoblast cells had no or very little expression of Flt-1 and KDR mRNA (Fig. 2A) . HDMEC expressed high levels of KDR and Flt-1 mRNA. HBME expressed Flt-1 but not KDR. Neuropilin-1 mRNA, for which the PCR product size was 209 bp, was expressed in all cell lines we used ( Fig. 2A) . The PCR product size for mouse Flt-1, KDR, and neuropilin-1 was 625, 408, and 404 bp, respectively. Murine MC3T3-E1 cells expressed Flt-1 and neuropilin-1 mRNA but not KDR (Fig. 2B) .
VEGF has proliferative effects on several cell types. It is possible that VEGF may modulate the development of bone metastases through increasing proliferation of cell types present in the bone metastatic sites, such as prostate cancer cells, osteoblasts, and endothelial cells. To determine if VEGF directly modulated proliferation of cells found in the bone metastasis microenvironment, we examined the effect of VEGF on the proliferation of prostate cancer cells, an osteoblast cell line, MC3T3-E1, and an endothelial cell line, HDMEC, in vitro. Neither recombinant human VEGF (rhVEGF)-165 nor PTK787 affected MC3T3-E1 proliferation (Fig.  3A) . In contrast, rhVEGF-165 stimulated HDMEC proliferation, and 100 nmol/L PTK787 partially inhibited rhVEGF-induced proliferation of HDMEC and 1,000 nmol/L PTK787 completely inhibited rhVEGF-induced proliferation (Fig. 3A) . Finally, neither VEGF nor PTK787 affected prostate cancer cell proliferation ( Fig. 3B ; data not shown). These results suggest that VEGF induces proliferative effects on endothelial cells but not osteoblasts or prostate cancer cells.
Prostate cancer cells promote osteoblastic activity, including alkaline phosphatase production and osteocalcin production and mineralization, in pre-osteoblastic cells (17, 21) . Furthermore, it has been reported that VEGF induces osteoblastic activity (30) . Based on these findings, we examined if VEGF contributes to the ability of prostate cancer cells to promote osteoblastic activity. Accordingly, we added C4-2B conditioned medium to MC3T3-E1 cells and measured alkaline phosphatase (an indicator of early osteoblast differentiation) and osteocalcin (a measure of late osteoblast differentiation) levels. C4-2B conditioned medium induced MC3T3-E1 cells to produce both alkaline phosphatase and osteocalcin ( Fig. 4A and B ; compare C4-2B conditioned medium versus mineralization medium alone). PTK787 diminished C4-2B-induced alkaline phosphatase and osteocalcin expression in MC3T3-E1 cells (Fig. 4A and B) . LNCaP and PC-3 conditioned medium did not induce osteocalcin expression (Fig.  4A and B) . To further identify the ability of the dependency of C4-2B on VEGF to induce osteoblastic activity, we assessed in vitro Figure 6 . VEGF contributes to C4-2B-mediated increased osteoblastic activity in vivo. SCID mice were injected intratibially with C4-2B cells (10 5 in 25 AL RPMI 1640). After 6 weeks of tumor growth, treatment with either PTK787 (n = 12) or distilled water vehicle (n = 9) was initiated and continued for 4 weeks at which time mice were euthanized, bones were subjected to Faxitron X-ray analysis and DEXA, and blood was collected and separated into serum that was subjected to enzyme immunoassay for osteocalcin. A, radiographs taken on Faxitron. Note the increased opacity in the marrow cavity (arrow) in the tibia of the vehicle-treated mouse compared with normal tibia without tumor (None). In contrast, the PTK787-treated animals have less opacity (arrow) than the tibiae for the vehicle-treated or normal mice. B, BMD measured by DEXA. *, P < 0.03 versus normal animal (i.e., no treatment and no C4-2B cancer cells); #, P < 0.03 versus vehicle-treated animals (ANOVA and Fisher's protected least significant difference for post hoc analysis). C, serum osteocalcin levels. *, P < 0.01 versus normal animal; #, P < 0.02 versus vehicle-treated animals; c, P < 0.04 versus normal animal (ANOVA and Fisher's protected least significant difference for post hoc analysis).
mineralization. C4-2B conditioned medium induced in vitro mineralization and that was diminished by PTK787 (Fig. 4C) . These results show that C4-2B cells induce osteocalcin, at least in part, through VEGF.
The in vitro studies indicated that VEGF contributes to prostate cancer-induced bone remodeling; however, they do not show if VEGF does this directly through modulation of osteoblasts or indirectly through acting on some intermediate cells. To determine if VEGF directly induces osteoblastic activity, we added VEGF into MC3T3-E1 cell cultures and measured alkaline phosphatase, osteocalcin, and mineralization. VEGF induced both alkaline phosphatase and osteocalcin expression and this was diminished by PTK787 (Fig. 5) . In contrast, VEGF did not induce mineralization (not shown). PTK787 (50 nmol/L) alone had no effect on alkaline phosphatase or osteocalcin expression or mineralization (data not shown). These results show that VEGF can induce early and late osteoblast differentiation markers but requires other factors produced by the prostate cancer cells to induce mineralization of MC3T3-E1 cells.
To determine if VEGF plays a role in the ability of prostate cancer cells to form osteoblastic lesions in vivo, we injected C4-2B cells into the tibiae of mice. Tumors were allowed to become established over a 6-week period, and administration of PTK787 or vehicle (5% DMSO and distilled water) was initiated and continued for 4 weeks at which time animals were euthanized. In the PTK787 group, 9 of 10 animals developed intratibial tumors; similarly, in the vehicle group, 12 of 13 animals developed tumors. The animals that did not develop tumors were excluded from the analyses. C4-2B tumors produced mixed osteoblastic/osteolytic lesions with an overall increase in BMD compared with normal tibiae (Fig. 6A and B) . PTK787 diminished the C4-2B-induced increased of BMD. Consistent with the increase in BMD, serum osteocalcin levels were increased in mice with C4-2B tumors compared with mice without tumors (Fig. 6C) . PTK787 diminished the C4-2B-induced increase of serum osteocalcin levels but not to the levels of mice without tumors. Histologic analysis revealed that C4-2B induced new bone formation (Fig. 7) . Islands of tumor cells were surrounded by disorganized new bone. Consistent with the BMD data, PTK787 diminished the C4-2B-induced bone production (Fig. 7) . In the vehicle-treated mice, the intratibal bone marrow was replaced by tumor cells. In contrast, PTK787 diminished the intratibial tumor area by f15% (Fig. 8A) . In correlation with the decreased tumor area, PSA levels were decreased in the PTK787-treated group compared with the vehicle-treated group (Fig. 8B) .
Our results indicated that VEGF contributes to prostate cancerinduced bone remodeling, which is pathophysiologic bone remodeling. To determine if altering VEGF modulates the quality of healthy normally remodeling bone, we evaluated the BMD and serum osteocalcin levels in a set of normal mice that were treated with PTK787 for 4 weeks similar to the tumor-injected animals. Neither BMD (Fig. 9A ) nor serum osteocalcin (Fig. 9B ) levels differed among the vehicle or PTK787 treatment groups. This suggests that VEGF does not play a significant role in nonpathologic bone remodeling in a 4-week period as opposed to tumor-induced pathologic bone remodeling. Figure 7 . VEGF contributes to C4-2B-mediated induction of osteosclerosis. SCID mice were injected intratibially with C4-2B cells (10 5 in 25 AL RPMI 1640). After 6 weeks of tumor growth, treatment with either PTK787 (n = 12) or distilled water vehicle (n = 9) was initiated and continued for 4 weeks at which time mice were euthanized and bones were subjected to histopathologic analysis. H&E-stained sagittal sections of legs from the distal femur (F ) through the proximal tibia (T ); the patella (P) is indicated. Note the normal marrow (M ) cells in the distal femur in contrast to the prostate carcinoma (C ) cells in the tibia. Magnifications, Â20 (top ) and Â100 (bottom ; dotted square on top ). Arrows, trabecular bone in the PTK787-treated animals. Compare this with the increased bone area that replaces normal trabeculae in the proximal tibia of the vehicle-treated animal (arrowheads ). Boxed area, 100Â magnified region. 
Discussion
The mechanisms through which prostate cancer induces osteoblastic lesions are currently unknown. In the present study, because of the recently recognized ability of VEGF to induce osteoblast activity, we sought to determine if VEGF contributes to the ability of prostate cancer to induce osteoblastic lesions. Our results showed that C4-2B cells induce osteoblastic differentiation of pre-osteoblastic cells through VEGF. Furthermore, the in vivo studies show that VEGF contributes to the development of osteoblastic prostate cancer lesions in bone. These data suggest that prostate cancer promotes osteoblastic metastases partly through the direct action of VEGF on osteoblasts.
Our finding that prostate cancer cells expressed VEGF is consistent with previous publications in which VEGF expression was identified in prostate cancer cells (31) (32) (33) . We extended these studies by quantifying VEGF protein levels and found that C4-2B cells express higher levels of VEGF protein than LNCaP and PC-3. This observation, taken together with the previous reports that C4-2B cells are more osteoblastic than LNCaP or PC-3 cells (34, 35) , is consistent with the hypothesis that VEGF promotes prostate cancer-mediated osteoblastic activity.
Several publications have shown that conditioned medium from prostate cancer cells induces osteoblastic activity in vitro (10, 21, 27) . However, these studies did not clearly delineate what factors mediated the osteoblastic effect. In the current study, we identified that C4-2B cells induced osteoblastic activity partly through VEGF. We further confirmed that VEGF could directly induce osteoblastic differentiation. These observations support the hypothesis that VEGF plays an important role in the osteoblastic differentiation mediated by prostate cancer. However, the observation that a higher concentration of rhVEGF than that measured in C4-2B conditioned medium was needed to induce alkaline phosphatase and osteocalcin levels and could not induce mineralization of MC3T3-E1 cells indicates that VEGF alone is not sufficient to promote full osteoblastic differentiation. The most likely reason we saw this different effect between prostate cancer conditioned medium and rhVEGF is that prostate cancer cells produce other factors, in addition to VEGF, that may contribute to osteoblastic activity. Osteoblastic factors produced by prostate cancer cells include BMPs, endothelin-1, Wnts, and urokinase plasminogen activator (36, 37) . Thus, it is possible that VEGF acts in concert with these factors. Regardless of the other osteoblastic factors present, the observation that PTK787 inhibited C4-2B conditioned medium-induced osteoblastic activity shows that VEGF contributes to the osteoblastic activity of prostate cancer.
In addition to the in vitro evidence that VEGF contributes to prostate cancer-mediated osteoblastic activity, our in vivo findings provide further support for this concept. The observations that C4-2B induced increased BMD and increased disorganized bone formation within the tibia indicate that this tumor has an osteoblastic component. This was additionally supported by the observation of increased osteocalcin serum levels, which indicates an increase of osteoblastic activity. The observation that PTK787 blocked C4-2B-mediated osteoblastic activity, including both increased BMD and serum osteocalcin, confirmed that VEGF Figure 8 . Inhibition of VEGF reduces tumor intratibial C4-2B tumor burden. SCID mice were injected intratibially with C4-2B cells (10 5 in 25 AL RPMI 1640). After 6 weeks of tumor growth, treatment with either PTK787 (n = 12) or distilled water vehicle (n = 9) was initiated and continued for 4 weeks at which time mice were euthanized, blood was collected and centrifuged to obtain serum, and bones were collected and processed for histology. A, tumor area as percentage of total nonmineralized area within the tibia was determined using BioQuant imaging system. B, serum was subjected to ELISA for PSA. *, P < 0.01 versus vehicle (Student's t test). Figure 9 . Short-term inhibition of VEGF does not affect bone remodeling of normal bone in mice. Either vehicle or PTK787 was given to mice daily for 4 weeks. Mice were euthanized and serum and tibiae were collected. A, tibiae were subjected to DEXA for measurement of BMD. B, serum was subjected to osteocalcin enzyme immunoassay.
contributes to the osteoblastic component of C4-2B bone lesions. However, although these data show an important role for VEGF in the development of these osteoblastic lesions, we cannot conclude that this was due totally to decreasing the osteoblastic activity of the prostate cancer cells. Specifically, in addition to decreasing the C4-2B-induced osteoblastic changes in the bone, PTK787 diminished the tumor growth in the bone too (discussed in detail below). Thus, it is possible that the decreased osteoblastic changes were due partly to the fact that there was less tumor burden present in addition to a decreased osteoblastic activity of the tumor itself. The observation that tumor cells were surrounded by new bone in the vehicle-treated animals, whereas tumor cells were not surrounded by bone in the PTK787-treated animals (Fig. 7) provides evidence that the osteoblastic activity of the prostate cancer cells was blocked. This observation, taken together with the in vitro data showing that VEGF directly induced osteoblastic activity, suggests that, in addition to decreasing tumor growth, inhibition of VEGF decreases the osteoblastic activity of the prostate cancer cells.
VEGF plays an important role in tumor establishment and progression. In the current study, PTK787 reduced tumor area in the tibia and decreased PSA levels, indicating that inhibition of VEGF diminished growth of prostate cancer in the bone. These results are consistent with previous studies that have shown that inhibition of VEGF using antibodies, kinase inhibitors, or soluble decoy receptors diminished establishment of prostate cancer tumors (38) and progression of established tumors (39) (40) (41) in soft tissue sites. However, the degree of intratibial tumor growth inhibition we observed was small (between 15% and 20% based on tumor area measurement and PSA levels) compared with that observed at soft tissues sites in the previous reports (between 60% and 80%). Organ-specific differences may account for the discrepancy in tumor reduction. For example, overexpression of VEGF in C4-2 cells (a precursor to C4-2B cells) increased their growth rate in s.c. sites but not in the bone (42) , which indicates that VEGF expression promotes prostate cancer growth in a tissuespecific fashion. The mechanism of how inhibition of VEGF diminished intratibial tumor growth is not known. However, diminished angiogenesis could account for part of this activity, although it has been shown that VEGF expression does not directly correlate with angiogenesis in prostate cancer tumors (43) . An alternative explanation is based on the observation that VEGF promotes the ability of prostate cancer cells to migrate (44, 45) . Thus, blocking VEGF may have reduced the ability of C4-2B cells to progress in the bone by blocking its ability to migrate within the marrow cavity.
It is not clear what the roles of the different VEGFRs are in pre-osteoblast cells. In the current study, we detected mRNA expression of neuropilin-1 but not Flt-1 or KDR in human osteoblast cells and prostate cancer cells, whereas in MC3T3-E1 cells Flt-1 and neuropilin-1 but not KDR were detected. That VEGF induced the proliferation of HDMECs that expressed KDR but did not affect proliferation of prostate cancer and MC3T3-E1 cells, both that do not express KDR, suggests that KDR mediates the proliferative effects of VEGF. The roles of Flt-1 and neuropilin-1 remain unclear; however, our results indicate the possibility that VEGF promotes osteoblastic differentiation through VEGF signaling pathway using Flt-1 and/or neuropilin-1. PTK787 is primarily considered to inhibit KDR; however, the IC 50 of PTK787 on Flt-1 is very close to that on KDR (0.077 and 0.037 Amol/L, respectively; ref. 23 ). Thus, PTK787 would likely inhibit the Flt-1 receptor in this murine model. PTK787 can also inhibit the platelet-derived growth factor-h (PDGF-h) receptor but at between 7-and 20-fold higher IC 50 than for the VEGFRs (23) . Thus, we cannot rule out that some effects we observed were due to inhibition of PDGF-h.
In summary, our data, along with previously published data, suggest the following model. Prostate cancer cells produce VEGF that facilitates the growth of the tumor presumably through enhancing angiogenesis and perhaps migratory ability. As the tumor enlarges, it continues to produce VEGF that binds neuropilin-1 on pre-osteoblasts and induces osteoblast differentiation, in concert with other prostate cancer-produced osteoblastic factors, which result in the development of osteosclerotic lesions. This model indicates that VEGF is an important factor in the development of prostate cancer-induced osteoblastic lesions and thus suggests that targeting the VEGF signaling pathway may provide clinical utility for the prevention and treatment of osteoblastic prostate cancer metastases. One problem with targeting only the osteoblastic activity of prostate cancer would be the unopposed osteoclastic activity that may occur (46) . Accordingly, it may be prudent to make the bone microenvironment unsuitable for prostate cancer growth by targeting both prostate cancer-induced osteoblastic and osteoclastic activity. The overall inhibition of prostate cancer-induced bone remodeling provides promise for inhibiting progression of prostate cancer bone metastases.
Addendum
We have recently identified that Wnt and BMP-6 mediate osteoblastic effects of prostate cancer (47, 48) .
